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Nulling  With  Limited  Degrees  of  Freedom 


i  INTRODl  (7TION 

An  adaptive  antenna  reduces  interference  to  a  radar  or  communication  system 
by  placing  a  null  in  the  far  field  antenna  pattern  in  the  direction  of  the  jamming 
source.  The  adaptive  antenna  must  he  able  to  generate  M  nulls  to  can  rel  M  lamrrers 
in  its  environment.  As  long  as  the  number  of  jammers  is  less  than  the  number  of 
adaptive  elements  in  a  phased  arrav,  the  necessary  nulls  an  he  theoretically 
generated.  A  fullv  adaptive  phased  array  has  N  elements,  with  an  adaptive  control 
at  i'i  h  element.  In  this  case,  the  antenna  has  N  - 1  degrees  of  freedom  to  cancel 
N  -  5  jammers. 

Adaptive  antennas  are  useful  in  small  comm  uni  ation  arrays  (4  to  10  elements). 
The  number  of  adaptive  ontrols  for  such  an  array  arp  small.  As  a  result,  the 
added  system  cost  and  complexity  is  reasonable  and  is  often  worth  the  anti-jamming 
(  apabilitv. 

Unlike  communication  arrays,  radar  phased  arrays  typically  have  hundreds  or 
thousands  of  elements.  Making  such  a  large  phased  arrav  fully  adaptive  has  several 
drawba  Its.  First,  the  extra  hardware  makes  the  svstem  very  complicated.  The 
additional  hardware  also  leads  to  the  problem  of  increased  costs.  The  expense  of 
developing,  operating,  and  maintaining  variable  omplex  weights  or  receivers  at 
everv  element  becomes  exorbitant.  A  final  problem  is  the  adaptation  time  needed 

(Received  for  publication  2  May  Ids'?) 
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to  cancel  the  jammers.  Radars  usually  have  tight  'Are  eontraiot-  due  to  dwell 
time.  Some  adaptive  algorithms  use  a  random  search  to  find  the  optimum  weight 
values.  The  random  search  algorithms  vary  the  signal  at  one  eh  i  nt  at  a  n:  e  to 
arrive  at  the  optimum  antenna  pattern.  This  technic. to  irk  fin--  r  sr  all  array", 

but  takes  a  long  time  to  converge  on  large  arrays.  Other  algorithms  form  the  sig¬ 
nal  correlation  atritc,  then  invert  the  mar  \  to  fir  i  e  o  it  an  .  t  t  ts.  1  »rm 
ing  and  inverting  the  correlation  matrix  of  a  large  arra  rcquiri  rlv  per'i  ■  tlv 

matched  receivers  at  each  element.  In  addition,  the  mat -lx  is  very  targe  and  not 
easily  inverted. 

Partial  adaptive  nulling  offers  solutions  »  >  sor.-i  of  thf  f  r  'denis  a  ;sooiat<  i 

1  2 

with  largo  fully  adaptive  arravs.  '  Unlike  a  ful  adaptix  nviv,  tiie  partial Iv 
adaptive  array  ilv  has  T  variable  controls  tor  i  i.ling,  iviiei  »  T  N.  !  ewer 

controls  rt  an..  •  svstor  less  complex,  v»r  ar  i  fas  <  ,  .  -ies  advantag* 

are  gained  through  .  ifi  ng  control  sbiiil-.'  of  the  antenna  .  rn.  Th«j  f<  «i  r 
adaptive  weights  n  the  system,  the  less  the  antenna  can  be  cnr.t  rolled.  1 'ns  tr. plies 
fewer  jammers  can  bo  canceled,  an  i  side  1  he  evels  are  hat'  n  to  simam, 
tradeoff  mis  word  whi  •  .  sin  <•  the  re  ».  snally  iar.v  r  •  elc  or  -  in  the 
arrav  th  ei  number  of  mers  ;n  the  >■  ivi  v  ie,  • 

'This  poi »  u.nk--  at  null  sv  .thesi  x  it!  d  cited  degn-  free  .  ;  Null 

synthesis  lifters  from  ad  .ntivc  nulling,  been  use  null  svnthe«ii  is  a  the..-  -eMcal,  no 
error,  an.)  no  feedback  process,  while  adaptive  nulling  otnplovs  feedback  >o  place 
the  nulls  in  spite  of  eri  :s.  Even  though  nulls  synthesis  rantin'  be  nracticallv  applied 
to  actual  phases  arravs,  it  provides  valuable  in.  id  into  Mie  ad»ptiv>  proves  .  Msc, 
the  null  synthesis  process  described  in  the  following  pages  can  be  made  adaptive  bv 
incorporating  a  bea -  'rlhogonalizaiion  procedure  and  an  ads  •••-.  algorith:  . 

Three  different  types  of  nulling  procedures  will  be  Ksrnss*  d.  Each  uses  a  frac¬ 
tion  of  the  'o'.a!  number  of  elements  in  the  aperture  to  generate  nulls.  The  tvpe  of 
procedure  used  depends  noon  the  antenna  i  nfiguration.  me  fir  t  nulling  •  ehnque 
uses  onlv  a  small  portion  of  the  total  numbi  r  of  elements.  ’1  hes"  .=  •  let  led  elements 
have  variable  complex  weights  to  change  the  amplitude  and  phase  of  the  element’s 
signal.  A  second  technique  places  the  variable  complex  weights  a!  >h  antenna's  snb- 
arrav  level.  Thus,  there  is  one  complex  weight  for  every  xubarra".  The  final  nul¬ 
ling  process  puts  the  variable  com  pi  ex  weights  at  the  feed  of  a  space -fed  lens.  Each 
of  these  null  synthesis  techniques  has  fewer  degrees  of  fre-  don  v.  ailablc  for 
nulling,  than  number  of  elemerts  in  the  aperture. 


1,  Chapman.  D..T.  (1276)  Partial  adaptivitv  for  the  large  arrav.  1KT  Trans,  on 

Antennas  and  Propagation.  AjfTTHNo.  51:685-626. 

2.  Morgan,  I).  R.  (1(,78)  Partially  adaptive  arrav  techniques.  IEEE  Trans,  on 

Antennas  and  Propagation.  AP-26fNo.  •5V.8i2-833. 


2.  m  i.i.im:  ft  itii  sKi.KcrF.i)  ki.kmknts 


A  fully  adaptive  array  has  \  variable  controls  for  N  elements.  In  most  situa¬ 
tions.  the  number  of  jammers  is  much  less  than  the  number  of  elements.  The 
logical  conclusion  to  draw  is  to  place  only  enough  variable  controls  in  the  array  to 
adequately  counter  the  worst  expected  jamming  scenario.  Selecting  the  proper 
position  and  number  of  elements  used  in  the  nulling  process  determines  how  well  a 
jammer  can  be  cancelled,  while  keeping  the  antenna  pattern  intact. 

The  array  in  f  igure  1  serves  as  the  model  for  analyzing  null  synthesis  with 
selected  elements  in  the  aperture.  Kaeh  of  the  array  elements  has  a  phase  shifter 
for  steering  the  main  beam  in  the  dire-  tiou  of  the  desired  source.  {Clement  n  has 

a  phase  shift  of  k  1  u  where 
n  s 

k  2-/  n  . 

,1  wavelength, 

d  distance  of  clement  from  centei  of  array  (in  wavelengths). 

u  sin  '  . 

s  s 

tireetion  of  source  from  horesitc. 
s 

IMusid  vaeU  phase  shifter  is  a  fixed  amplitude  weight.  These  weights  have  values 
corresponding  to  a  distribution  that  generates  low  sidelobes  in  the  far  field  antenna 
pattern.  Some  typical  amplitude  distributions  are  Taylor,  Chebychev,  and  cosine. 
Elements  ql,  q’2,  ..  .  qT  have  variable  complex  weights  after  the  fixed  amplitude 
weights.  These  elements  form  the  nulls  in  the  far  field  antenna  pattern.  The  vari¬ 
able  complex  weights  have  values  represented  by  1  +  a  +  j/9  for  t=  ql,  q2,  .  .  .  qT, 
T  <-  X.  Finally,  all  ,\  signals  are  added  together  in  the  summer  to  produce  a  total 
output  signal.  When  no  jammers  are  in  the  environment,  the  total  output  signal  is 
the  sum  of  the  desired  signal  and  internal  noise  at  each  element.  When  interference 
appears  in  the  environment,  the  total  output  signal  is  the  sum  of  the  desired  signal, 
noise,  and  interference  it  each  ele-n  eat.  Changing  the  amplitude  and  phase  of  the 
variable  complex  weights  affects  the  total  output  signal  of  the  array.  The  weights 

cun  be  set  at  certain  values  so  the  interference  signals  cancel,  while  the  desired 

3,  q 

signal  changes  very  little. 


3.  Shore,  !{.  A.,  and  Steyskal,  11.  (19B3)  Nulling  in  Linear  Array  Patterns  With 

Minimization  of  Weight  Perturbations^  HADC-TH-BiS-dJj,  Af)Ail8G95. 

4.  liaupt,  1{.  1..  (1982)  Simultaneous  Nulling  in  the  Sum  and  Difference  Patterns  of 

a  Monopulse  Antenna,  KAD( ' -T l{-82- 21 4. 
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Figure  1.  \  foment  LiniMi*  Arr»y  With  T  Adaptive  Controls 


The  quiescent  values  ot'  the  array  weights  are 

nn  n  oxpi-jk<ln  M^l.  n=  1.2 . N.  (1) 

Here,  the  variable  complex  weights.  1  +  a  (  *  are  in  their  quiescent  state 
<v  (i  ^  -  0.  Transforming  the  quiescent  weights  to  the  far  field  results  in  the  far 
field  pattern  represented  by 
,\ 

S(u)  =  an  expljkd^'ii  -  ug)].  (2) 

When  jammers  appear  in  the  sidelobe  regions,  the  variable  complex  weights 
are  adjusted  to  produce  a  null  in  the  directions  of  the  jammers.  Now,  the  variable 
complex  weights  in  cascade  with  the  phase  shifters  and  fixed  amplitude  weights  yield 

wt  =•  at  (1  +  at  +  j  fit)  expi-jkdtug]  t  =  q  1 ,  q2,  . . .  ,  qT  .  (3) 
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The  remaining  N-T  elements  remain  unchanged.  Transforming  the  new  array 
weights  to  the  far  field  produces  an  antenna  pattern  represented  by 


N 


and 


Q  ft  =  0  when  n4  qt,  t=  1, 2,  ....  T  . 


This  pattern  has  nulls  in  the  directions  of  the  Ivl  jammers  (0  ).  In  other  words, 

S  (u)  =  0  when  u  =  u  for  m  -  1,2,  ....  Al. 
m 


N 

la  a  expjjkd  (u  -u  )+  /,  a.  {a  ,  +  d  ,)  exp[  jk  d.(u  -u  ))  =  0 

.  n  1 J  n  m  s  .  ,  t  t  t  tm  s' 

n  =  1  t  =  q  1 


qT 


(5) 


qT 

S(um)  4  S  (  Jt  {a  t  4  j  lf  t*  exl*  ljk  dt(um  '  us)]  =  0  - 


(6) 


liquation  (6)  is  the  sun;  of  the  quiescent  pattern  and  M  cancellation  beams.  The  sum 
of  the  cancellation  beams  has  the  same  amplitude  is  the  quiescent  pattern  at  the 
angle  0  ^  ,  but  is  180°  out  oi  phase. 

In  order  to  find  the  values  fora  and  p  that  produee  nulls  in  the  directions  of 
interference,  we  must  solve  liq.  (6).  This  equation  is  actually  a  set  of  M  simul¬ 
taneous  equations  with  T  unknowns.  Since  there  are  more  unknowns  than  equations, 
no  unique  solution  exists  fora  and  ft  .  Rearranging  Kq.  (6)  into  the  matrix  form 
AX  =  11  yields 


qT 


/  .  a, (a,  a  j/i ,)  exp|jkd  (u  -  u  )]  -  a  expjjkd  (u  -  u  )] 

t—4  ,  t  t  '  t  '  t  m  s  '  n  ‘  J  n  m  s 


t-  q  1 


(7) 


n=  1 


A  = 


aq  ,  exp|  jkd^jtUj  -  usl)  ...  aT  exp|jkdqT(u]  -  us>] 


aq]  expjkdqilUm-u^  ...  aT  cxp|  jk  dqT(um  -  Ug)] 


ql  ■"  ql 


aqT*  -'^qT 


(8) 


(9) 
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The  least  mean  square  solution  of  AX  =  B  by  minimizing!^  p  is 

x  =  a'  (AaV  h  .  (in 

A'  is  the  transpose  complex  conjugate  of  the  matrix  A.  Solving  Kq.  (11)  for  the 


unknowns  or  ^  tad  (  in 

•he  '■  atrix  X  gives 

<■¥ 

t 

V  ' 

*-!  1  'r.r 

111  1 

a  c  >s|d  (it  -  n  )!  -  /. 
t  'tins  i 

.i  sir.fri  (u 
t  i.  s 

(12) 

M 

*t 

E,  I’-' 

a  sinlu  tu  -  u  H  -  /. 

<  t  S  1C  111 

i  i .■■»*? Id  t u 
l  1  t  S 

-V1'  • 

(131 

n  -  1 


The  v  ifiabh‘s  \  an*  I  /  .«re  e!t-m<  rus  in  the  com?  »  x  vretor  \  defined  bv 

•  m  i  1 

A  -  (A.-t  V  1  1!  .  -Ml 


When  all  tin-  adaptive  elements  are  symmetrically  placed  about  the  center  of  the 
array,  V  is  real  matrix. 

The  array  modeled  on  the  computer  had  20  elements  with  i  -30  dB,  n  4 
faylor  di  tributtoit.  Figure  2  show »  the  array's  quiescent  far  field  pattern. 

Several  runs  were  made  using  hits  array  nr  del  with  twe  and  four  adaptive  elements. 
The  two  i  jor  questions  that  n<  ed  answers  ire  which  elements  are  the  best  to 
use  and  how  many  elements  ar<  needed  to  adequately  perform  the  milling. 

l-'igmu  3  to  0  show  till-  far  field  p  itterns  of  the  model  using  two  adaptive  ele¬ 
ments  nd  juinniei  located  at  33°.  Along  with  each  nulling  pattern  is  the  corres¬ 
ponding  cancellation  b«  am  iperimposed  on  the  quiescent  far  field  pattern.  Watch¬ 
ing  the  cancellation  beam  change  as  different  elements  -are  used  for  nd  ptntion, 
gives  insit'  to  pattern  perturbations  due  to  nilling. 

When  only  two  elements  in  the  irr  ■  are  adaptive,  they  form  uu  interferometer. 
When  the  adaptive  elements  are  close  together,  their  resulting  cancellation  beam  is 
a  very  broad  pattern  with  only  one  null.  1'hc  cancellation  beam  is  the  far  field 
pattern  <  two  elements  spaced  A/ 2  apart.  As  the  adaptive  elements  are  moved 
apart,  the  cancellation  beam  has  more  peaks  and  nulls.  The  number  of  peaks  ind 


Figure  2.  Quiescent 
Far  Field  Pattern  of  a 
Linear  Array  With  a 
-30  dB,  n  =  4  Taylor 
Amplitude  Distribution 


nulls  increase  until  the  last  element  on  both  ends  of  the  array  are  used  as  the  adap¬ 
tive  elements.  At  the  extreme  ends  the  cancellation  beam  lias  basically  the  same 
ripple  pattern  as  the  quiescent  pattern. 

Figures  3a  to  4b  show  some  computed  results  for  symmetrically  placed  adaptive 
elements  in  the  array.  The  best  results  were  obtained  ", h<  n  the  last  element  on  both 
ends  of  the  array  were  used  for  the  adaptive  elements.  In  that  situation,  cancellation 
was  achieved  with  little  perturbation  to  the  rest  of  the  pattern.  Symmetrical  adaptive 
elements  result  in  a  real  V  matrix.  The  values  for  the  variable  complex  weights 
have  the  same  amplitude,  but  opposite  phases.  Because  of  these  facts,  the  far  field 
pattern  tends  to  cancel  exactly  and  add  together  at  different  angles.  Thus,  the  new 
antenna  pattern  has  distinct  nulls  and  the  sidelohe  structure  remains  lose  to  thi 
quiescent  sidelobe  structure. 

Unsymmotrical  adaptive  elements  produce  a  complex  V  matrix.  The  cancellation 
beam  does  not  have  deep  nulls  and  high  peaks.  Instead,  it  is  a  wav\  pattern  at  about 
the  same  level  as  the  sidelobos.  When  the  quiescent  pattern  and  cancellation  beams 
are  added  together,  the  resultant  pattern  has  filled  in  nulls  .  The  pattern  is  still 
cancelled  at  the  desired  points,  but  the  entire  sidelobe  structure  is  distorted.  Fig¬ 
ures  5a  and  5b  show  examples  of  an  antenna  pattern  and  its  associated  cancellation 
beam  due  to  misyni metrical  adaptive  elements. 

The  conclusions  drawn  in  the  two  adaptive  element  cases  apply  to  arrays  with 
more  adaptive  elements.  I'nsyminetrical  adaptive  elements  have  a  complex  5' 
matrix  and  tend  to  fill  in  the  nulls.  Symmetrical  adaptive  elements  keep  the  side¬ 
lobe  structure  close  to  the  quiescent  sidelobe  structure.  Some  of  the  results  ob¬ 
tained  with  four  adaptive  elements  arc  shown  in  Figures  Ta  to  “b.  Symmetrically 
placing  the  jammers  at  both  ends  of  the  array  give  the  host  results.  However, 
generating  up  to  T-l  adaptive  nulls  is  possible  using  am  combination  of  T  adaptive 
elements.  Table  1  lists  the  array  weights  for  Figures  2  through  Pa. 
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Figure  '  a.  far  b  ield  Pattern  Resulting  From 
Adaptive  Controls  at  Elements  10  and  11  and  a 
Jammer  at  33° 


Figure  3b.  Cancellation  Beam  Superimposed 
on  Quiescent  Pattern  for  Adaptive  Controls  at 
Elements  10  and  1  1 
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Figure  4a.  Far  Field  Pattern  Kesulting  From 
Adaptive  Controls  at  Elements  3  and  18  and  a 
Jammer  at  33° 


Figure  4b.  Cancellation  Beam  Superimposed  on 
Quiescent  Pattern  for  Adaptive  Controls  at 
Elements  1  and  20 
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Figure  7b.  Cancellation  Hearn  Superimposed  on 
Quiescent  I’attcrn  for  Adaptive  Controls  it 
Moments  9,  10.  11,  and  12 


AZIMUTH  ANGLE  IN  DEGREES 


AZIMUTH  ANGLE  IN  DEGREES 


Table  1.  Product  of  Taylor  Distribution  and  Variable  Complex  Weights  of 
Figures  3a  to  9a 


Element 

Quiescent 

Amp  Ph 

Figure  3a 

Amp  Ph 

t  igure  4a  Figure  5a 

Amp  Ph  Amp  Ph 

1 

0.  248 

0 

* 

0.  144  -0.  561 

2 

0.  294 

0 

3 

0.  378 

0 

4 

0.  487 

0 

5 

0.  603 

0 

6 

0.  721 

0 

7 

0.  824 

0 

8 

0.  909 

0 

9 

0.  96  » 

0 

10 

1. 000 

0 

1.  102  0.  101 

0.853  0.091 

1 1 

1. 000 

0 

1.  102  -0.  101 

12 

0.  969 

0 

1.  106  -0.  104 

13 

0.  909 

0 

14 

0.  821 

0 

1 5 

0.  721 

0 

10 

0.  60.3 

0 

17 

0.  4  87 

0 

18 

0.  378 

0 

19 

0.  394 

0 

20 

0.  248 

0 

0.144  0.561 

When 

amplitude 

and 

phase  values  are 

not  listed,  they  are  assumed  to  be  the 

same  as  the  quiescent  values.  Phases  in  radians  and  amplitude  values 
normalized  to  peak  amplitude  of  quiescent  weights. 


Q  set  of  indices  of  the  element  in  subncray  t 
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H  = 


T 

-  E  23  a  exp  Jj(kd  (u  -u)]J 

t=  1  q  Qt  q  '  q  1  ' 


T 

"  fj  q?Q  3q  CXP  !  jikdq(Um‘Us"! 


(25) 


Till'  X  matrix  is  given  by  Eq. 
to  tile  following  values  for  Of 
M 


a 


t 


23  E 

m  -  1  q  Q( 


i  '  ni 


a 

q 


(11)  and  the  V  matrix  by  Eq.  (13).  Solving  for  X  leads 
and  (3  . : 

cosjd  (u  -  u  1  z  a  sinld  (u  -  u  '1  i  (26) 

1  q  s  m  m  q  1  q  s  ill  1 


,\1 


L/  ,  !  v  a  sinld  (o  -u  )]  *  z  a  eos[d  (u 

“  <  a  1  q  s  in  J  in  q  q  s 


n>  =  1  q=Qt 


u  )]  ( 
ni  1 


(27) 


These  values  of  the  complex  variable  weights  produce  nulls  in  the  subarray  antenna’s 
far  field  pattern. 

The  computer  model  was  an  array  with  20  elements  and  a  -30  dll,  n  =  4  Taylor 
distribution.  Several  different  subarraying  configurations  were  tried.  The  first  run 
had  only  two  subarrays  (Figure  11a).  In  every  case  nulling  in  the  desired  direction 
was  adequately  achieved.  Figures  11a  to  19b  show  the  results  of  nulling  with  sub- 
arrays.  The  cancellation  beam  tended  to  significantly  enhance  some  sidclobes,  while 
significantly  reducing  others.  Symmetry  created  a  real  \  matrix,  henee  the  an¬ 
tenna's  pattern  s  nulls  were  not  filled  in. 

Splitting  up  the  subarrays  so  that  one  contained  more  elements  than  the  other, 
degraded  the  far  field  pattern.  The  Y  matrix  is  no  longer  real  and  the  cancellation 
brain  and  quiescent  pattern  add  to  zero  at  only  a  few  points.  Figure  13a  shows  the 
results  of  nulling  with  two  subarrays,  one  with  8  elements  and  the  other  with  12 
elements.  Pattern  distortion  gets  progressively  worse  as  the  subarray  imbalance 
gets  worse. 

Varying  the  number  of  subarrays  and  number  of  elements  in  a  subarray  pro¬ 
duced  considerably  different  results.  In  all  cases  the  more  subarrays,  the  better 
the  results.  This  conclusion  makes  sense,  because  the  number  of  controls  increases 
with  the  number  of  subarrays.  A  second  way  to  improve  nulling  results  is  to  have 
an  equal  number  of  etc  ments  in  everv  subarrav.  Finally,  having  symmetrical  sub¬ 
arrays  with  equal  number  of  elements  produce  better  results  than  unsymmetric  sub¬ 
arrays.  figures  14a  to  16b  demonstrate  the  above  observations.  Table  2  lists  the 
subarray  weights  for  Figures  11a  to  16a. 
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The  null's  angular  location  determines  the  distortion  of  the  quiescent  far  field 
pattern.  For  instance,  a  null  placed  at  the  peak  of  a  quiescent  pattern  sidelobe 
produces  more  distortion  than  a  null  placed  near  a  null  in  the  quiescent  pattern. 

This  type  of  distortion  makes  sense  because  more  power  is  needed  to  cancel  a  high 
sidelobe  value  than  a  low  sidelobe  value.  The  cancellation  beam  must  be  raised  to 
the  level  of  the  quiescent  pattern  in  the  direction  of  the  desired  null  to  produce  can¬ 
cellation.  The  higher  the  level  of  the  quiescent  pattern,  the  higher  the  cancellation 
beam  is  raised.  Raising  the  cancellation  beam  at  one  point  raises  it  at  all  points. 
Thus,  the  cancellation  beam  has  more  impact  on  the  quiescent  pattern  at  all  angles. 
This  type  of  distortion  occurs  in  fully  adaptive  arrays  as  well  as  partially  adaptive 
arrays. 

Figures  17a  to  17b  demonstrate  pattern  distortion  that  is  dependent  upon  the 
sidelobe  level  of  the  quiescent  pattern.  A  twenty  element  uniformly  weighted  aperture 
with  four  equal  subarrays  was  used  in  these  examples.  At  10°  the  quiescent  pattern 
is  -18  dU  below  the  peak  of  its  main  beam.  In  order  to  produce  a  null  at  10°,  the 
cancellation  beam  is  raised  to  match  the  quiescent  pattern  at  that  angle.  The  level 
of  the  entire  cancellation  beam  goes  up.  As  a  result,  the  sidelobes  and  mainbeam 
of  the  quiescent  pattern  are  distorted.  The  reduction  in  the  main  beam  gain  is  due 
to  14.4  percent  reduction  in  the  amplitude  of  subarrays  1  and  4  as  well  as  the  phase 
changes  of  each  subarray  (see  Table  2). 

Figure  19a  shows  the  results  when  the  null  is  placed  at  11°  instead  of  10°.  The 
quiescent  pattern  at  11°  is  -27  dll  below  the  peak  of  the  main  beam.  Nulling  at  1 1  ° 
has  no  noticeable  effect  on  the  gata  of  the  main  beam.  The  reason  (Figure  19b)  is 
the  cancellation  beam  is  only  raised  to  the  level  of  the  quiescent  pattern  at  11°. 

Since  this  level  is  considerably  lower  than  the  pattern  ievel  at  10°,  the  resulting 
pattern  distortion  is  less. 

Subarray  nulling  produces  an  additional  distortion  not  found  in  nulling  with 
selected  elements.  The  distortion  occurs  because  the  cancellation  beam  has  a 
limited  scan.  Consequently,  the  cancellation  is  usually  done  wdth  the  sidelobes  of 
the  cancellation  beam.  Raising  the  sidelobes  of  the  cancellation  beam  to  the  level 
of  the  quiescent  pattern  also  raises  the  peak  of  the  cancellation  beam.  Since  the 
peak  is  somewhere  in  the  vicinity  of  the  mainbeam,  main  beam  distortion  results. 

Nulling  with  selected  elements  uses  the  peak  of  the  cancellation  to  match  the 
quiescent  pattern  in  the  direction  of  the  desired  null.  As  a  result,  the  cancellation 
beam's  sidelobes  produce  little  changes  to  the  quiescent  pattern.  This  fact  is  evi¬ 
dent  in  the  results  shown  in  the  previous  section. 

Table  2  shows  the  amplitude  and  phase  settings  for  the  subarray  variable  complex 
weights  in  Figures  17a- 1 9a.  Notice  the  large  amplitude  and  phase  deviations  required 
to  place  the  null  at  60°.  The  quiescent  pattern  is  -27  dBbelow  the  main  beam  at  both  1 1  ° 
and  60°.  Since  the  null  at  11  is  produced  by  a  peak  in  the  cancellation  beam,  less 
distortion  results.  On  the  other  hand,  the  null  at  60°  is  generated  by  a  sidelobe  of  the  can¬ 
cellation  beam  and  significant  distortion  results. 
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AZIMUTH  ANGLE  IN  DEGREES 


Figure  11a.  Far  Field  Pattern  Resulting  From 
Adaptive  Controls  at  2  Subarrays  (10,  10  elements) 
and  a  Jammer  at  33“ 


Figure  lib.  Cancellation  Ream  Superimposed 
<>n  Quiescent  Pattern  for  Adaptive  Controls  at 
2  Subarrays  (10,  10  elements) 


AZIMUTH  ANGLE  IN  DEGREES 


l-'igure  12a.  Far  Field  Pattern  Itesulting  From 
Adaptive  C  ontrols  at  4  Subarravs  (5,  5,  5.  5 
elements)  and  a  Jammer  at  33° 


AZIMUTH  ANGLE  IN  DEGREES 


Figure  13a.  Far  Field  Pattern  Resulting  From 
Adaptive  Controls  at  2  Subarrays  (8,  12  elements) 
and  a  .Jammer  at  33° 


Figure  13b.  Cancellation  Beam  Superimposed 
on  Quiescent  Pattern  for  Adaptive  Controls  at 
2  Subarrays  (8,  12  elements) 


AZIMUTH  ANGLE  IN  DEGREES 


Figure  18a.  Uniform  far  Field  Pattern  Resulting 
From  Adaptive  Controls  at  4  Subarrays  (5,  5,  5,  5 
elements)  and  a  Jammer  at  11° 


1  igure  18b.  Cancellation  Beam  Superimposed  on 
Quiescent  Pattern  for  Adaptive  Controls  at 
4  Subarrays  (5.  5,  5,  5  elements) 


Table  2.  Variable  Complex  Weight  Values  for  Figures  11a  to  19a 


1  igure 

Subarray 

Number  of  Elements 
in  a  Subarray 

Variable  Complex  Weights 

Amplitude  Phase 

1  la 

1 

10 

1.  000 

0.  208 

2 

10 

1.  000 

-0.  208 

12a 

1 

5 

0.  902 

-0.  208 

2 

5 

1.  000 

0.  100 

3 

5 

1.  000 

-0.  100 

4 

5 

0.  902 

0.  028 

13a 

1 

8 

1. 028 

-0. 217 

2 

12 

0.  912 

0.  246 

14a 

1 

2 

0.  838 

0.  049 

2 

8 

1. 000 

0.  164 

3 

8 

1.  000 

-0.  164 

4 

2 

0.  838 

-0.  049 

15a 

1 

2 

0.  915 

0.  025 

2 

4 

0.  960 

0.  058 

3 

6 

1.  000 

-0.  177 

4 

8 

0.  976 

0.  099 

1 6a 

1 

5 

1. 000 

-0.  454 

•) 

5 

0.  832 

0.  071 

3 

5 

0.  832 

-0.  071 

4 

5 

1. 000 

0.  454 

17a 

i 

5 

0.  857 

-0.  170 

2 

5 

1.  000 

0.  175 

3 

5 

1. 000 

-0.  175 

4 

5 

0.  857 

0.  170 

1  Ha 

1 

5 

0.  980 

-0.  071 

2 

5 

1. 000 

0.  071 

3 

5 

0.  980 

-0.  07  1 

4 

5 

1.  000 

0.  071 

19a 

1 

5 

1. 000 

-0. 418 

2 

5 

0.  602 

-0.  34  1 

3 

5 

0.  602 

0.  34  1 

4 

5 

1.  000 

0.  418 

Phase  in  radians 


t.  m  i.i.im;  ,vi  rni-.  i  i  i  n  ui  \  scale  i'l  l)  lens 


Nailing  al  the  fee  i  o  a  space  V  1  lens  is  similar  to  nulling  at  the  ubar ravs  of 
an  antenna.  The  spare  fed  lens  antenna  is  .a  form  of  subarraying.  Each  element 
in  the  feed  contributes  power  to  eai  h  element  in  the  lens.  This  arrangement  means 
the  entire  lens  is  a  subarray  for  every  feed  element.  In  other  words,  the  number 
of  elements  in  the  lens  equals  the  number  of  elements  in  a  subarrav.  The  term 
totally  overlapped  subarravs  describes  this  eo  figuration. 

figure  f’O  shows  a  diagram  of  a  space  fed  lens,  Both  the  feed  and  the  lens  are 
linear  arrays  of  isotropic  elements.  1  he  lens  has  X  elements  and  the  feed  T 
t  ie-  mills,  Ev<  rv  lens  element  has  a  variable  phase  shifter  for  steering  the  main 
beam.  In  adlitim.  there  are  \  fixed  phase  shifters  to  correct  for  the  snherical 
wave  ft  mt  of  tin-  feed.  No  fixed  or  variable  amplitude  weights  exist  at  the  lens. 

V.i  plitude  wi  tghting  for  low  side  lobes  is  done  at  the  feed. 


figure  dO.  Space  fed  Lens  With  an  N  Element  Lens  and  T  Element  Feed 


The  feed  has  two  sets  of  complex  weights.  The  first  set  has  fixed  values  for 
producing  a  low  sidelobe  distribution  for  the  lens.  The  second  set  is  variable  for 
nulling.  These  weights  are  adjusted  to  produce  a  null  in  the  far  field  pattern  of  the 
antenna  in  some  desired  direction. 

The  expression  for  the  far  field  pattern  of  a  space  fed  lens  is  slightly  more 
complicated  than  the  other  antenna  configurations  discussed  so  far.  Since  the 
antenna  is  reciprocal  we  can  pretend  it  is  transmitting  or  receiving  to  derive  its 
quiescent  far  field  pattern.  In  this  case  we  will  say  the  antenna  is  transmitting. 
The  field  distribution  on  the  back  of  the  tens  at  lens  element  number  n  is  given  bv 


Eel 

cm-  expi-jo, 


Knt 


Pl-j'^l  exp[jkKnt] 


R  .  -  distance  between  feed  element  t  and  lens  element  n  (in  A), 

nt 

a^  -  fixed  amplitude  weight  at  feed  element  t, 
d^  -  fixed  phase  weight  at  feed  element  t. 

The  signal  Sn  passes  through  the  fixed  phase  shifters  C  in  the  lens  that  correct 
for  the  spherical  phase  front.  In  addition,  the  variable  phase  shifters  impose  a 
linear  phase  shift  kd  u___  across  the  array  to  steer  the  main  beam.  When  the  signal 
reaches  the  front  side  of  the  arrav,  it  has  a  value  of 


Sn'  "  t?t  ^  "*Plj(kH»t  ot)Jexpl-.,(Cn  •  kdnus» 
T 

E  ITT  oxp[j(kHnt  ot  -  cn  kdnus>]. 


Taking  these  weights  and  transforming  to  the  far  field  leads  to  Ifq.  (31). 

S(u)  E  E  rr~  expljfklt  ,•  k  d  u  0 ,  -  C  •  k  I  u  )]  . 

,  * — .  R  .  '  u  nt  n  t  n  n  s  1 

n  1  t  1  nt 


This  equation  changes  in  the  presence  of  jammers.  Now,  the  complex  variable 
weights  are  adjusted  to  put  nulls  in  the  directions  of  the  jammers.  The  new  antenna 
pattern  is  zero  at  the  angles  f)  . 


s  L.  la 
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Equation  (23)  can  be  put  in  the  matrix  form  AX  =  B  where 
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Those  equations  are  solved  using  a  least  mean  square  solution. 
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V  is  a  complex  vector  with  elements  y  +  j  7  .  The  unknown  values  for  cv.  and  B. 

'  in  J  in  t  '  t 

are  given  bv 


M  N 


Of  =  /.  7  .  6  .  v  eos(c  ,  )  +  z  sin(t  ,  ) 

t  ,  ill  1  in  nlm  m  nlm  1 

mini 

M  N 

,1.  zZ  Z-i  6  ,  1  -V  sin(€  ,  )  ‘  7.  eos(€  .  )]  . 

'  t  nl  1  m  nlm  in  nlm  1 


(41) 


(42) 


ni  1  n  1 


The  space  fed  lens  simulation  had  a  20-element  lens  and  an  f/d  of  one.  Fig¬ 
ure  2  1a  shows  the  results  of  nulling  with  a  two-element  feed.  Pattern  distortion 
decreases  as  the  number  of  feed  elements  increases.  Note  that  the  cancellation 
beam  has  a  peak  in  the  main  beam  of  the  quiescent  pattern.  The  subarray  distortion 
discussed  in  the  last  section  applies  here  too.  This  causes  problems  when  the 
number  of  jammers  is  almost  the  same  as  the  number  of  feed  elements.  The  can¬ 
cellation  beam  takes  away  substantial  gain  from  the  quiescent  pattern's  main  beam. 
The  results  from  nulling  at  the  feed  of  a  space  fed  lens  are  shown  in  Figures  21a-23b 
and  Table  3. 

Partial  adaptive  nulling  is  a  feasible  approach  to  nulling  in  very  large  arrays. 
The  number  of  adaptive  controls  depends  upon  the  interference.  The  more  jammers 
and  wider  the  system  and  jammer  instantaneous  bandwidths,  the  more  adaptive 
controls  that  are  needed  to  provide  adequate  cancellation.  In  most  eases,  a  fully 
adaptive  array  is  an  overkill  and  a  partially  adaptive  array  provides  the  necessary 
nulling  with  a  small  amount  of  pattern  distortion. 
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figure  21a.  l  ar  field  Pattern  of  a  Space-f  ed 
Pens  With  2  Adaptive  flcments  in  the  l'eed  and 
1  Jammer  at  33° 
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figure  21b.  Cancellation  Beam  Superimposed 
on  Quiescent  Pattern  for  Adaptive  Controls  at 
2  l'eed  flcments 
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Figure  22, t.  lar  Field  Pattern  of  a  Space-Fed 
I  otis  With  4  Adaptive  Feed  Klements  and 
1  Jammer  at  33° 
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Figure  22b.  Cancellation  Hearn  Superimposed 
on  Quiescent  Pattern  for  Adaptive  Controls  at 
4  Feed  Clements 


Table  3.  Variable  Complex  Weight  Values  for 
Figures  31a  to  23a 


\  ariublc  Complex  \\  eights 


Figure 

Feed 

Klement 

Amplitude 

Phase 

21a 

1 

0.  773 

3.  121 

2 

1. 000 

-0.  016 

22a 

1 

1.  000 

-0.  085 

o 

0.  603 

0.  033 

3 

0.  603 

0.  125 

4 

0.  906 

-0.  015 

23a 

1 

0.  883 

-0.  107 

2 

1.  000 

-0.  002 

3 

0.  907 

0.  095 

4 

0.  807 

0.  013 

Phase  in  radians 


:>  coM.i.i  sions 

This  report  analv/od  three  different  methods  of  nulling  with  limited  degrees 
of  free  ion  .  1  ron  the  theoretical  viewpoint,  nulling  with  selected  aperture  ele¬ 

ments  can  produce  better  results  than  either  subarraying  method.  However,  when 
the  number  of  jammers  is  much  less  than  the  number  of  adaptive  rontrols,  all  three 
techniques  produvi  verv  good  results. 

Svmmotrv  seems  to  he  an  important  consideration  when  reducing  the  degrees  of 
free  lorn.  Symmetrical  adaptive  elements  and  subarrays  limit  distortions  to  the 
quiescent  far  field  patterns.  Unsymmetrieal  configurations  tend  to  'fill  in'  the 
pattern's  nulls.  Any  symmetrical  arrangement  produces  real  values  for  the  far 
field  pattern.  The  real  cancellation  beam  an  real  quiescent  pattern  periodically 
acid  and  subtract  to  give  distinct  nulls  and  peaks.  Unsymmetrieal  configurations  p 
produce  complex  cancellation  beams.  Adding  together  the  quiescent  pattern  and 
cancellation  beam  produces  a  pattern  with  few  distinct  nulls.  Thus,  the  sidelobes 
>f  the  new  far  field  pattern  appear  very  distorted. 

Analyzing  the  cancellation  beams  provides  insite  to  the  nulling  process.  Both 
subarraying  techniques  had  cancellation  beams  with  high  gain  in  the  direction  of  the 
quiescent  pattern's  main  beam.  The  more  jammers  in  the  environment,  the  bigger 
the  gain  of  the  cancellation  beam,  lienee,  the  antenna's  gain  degraded.  When  nulling 
was  performed  with  selected  elements,  the  peak  of  the  cancellation  beam  was  in  the 
lirectionof  the  interference.  In  this  way,  little  gain  was  taken  away  from  the  main  beam. 


46 


MISSION 

of 

Rome  Air  Development  Center 


RA  1)C  plant  and  executet  KeMtajic.ii,  development,  test  and 
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Communications  and  Intelligence  (C3 1)  activitieM.  Technical 
and  engineering  support  within  ajieaM  o£  technical  competence 
-it  provided  to  ESV  Program  O^iceM  IPOs)  and  othex  ESD 
elements.  The  principal  technical  mission  areas  ate 
communications,  electromagnetic  guidance  and  contxol,  sur¬ 
veillance  o£  gxound  and  aerospace  objects,  intelligence  data 
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